The interaction between the P1 recombinase protein Cre and the DNA site at which it acts, loxP, has been studied by using nuclease protection techniques. The region of DNA protected by Cre against nuclease attack by DNase I or neocarzinostatin is a 34-base-pair (bp) region containing two 13-bp inverted repeats separated by an 8-bp spacer region.
These protected sequences have previously been shown to be required for efficient Cre-mediated recombination at loxP. The results of the above protection experiments suggest (i) that no more than 34 bp may be required for loxP recombination and (is) that the asymmetry of loxP recombination is due to the 8-bp spacer sequence. With neocarzinostatin, a specific nucleotide within the 8-bp spacer region is not protected. This nucleotide is located in a 2-bp sequence shown to be involved in a loxP crossover event, suggesting that this region remains exposed after Cre binding. Protection experiments have also been done with IoxP sites that have either the left or right inverted repeat deleted. The nuclease protection pattern of these sites reveals that each loxP site consists of two binding domains for Cre, each being composed of one 13-bp inverted repeat and the contiguous 4 bp of the 8-bp spacer region.
Bacteriophage P1 encodes its own site-specific recombination system. This system is composed of a site, loxP, at which crossing-over takes place, and Cre, a P1-encoded protein that mediates the recombination reaction between two IoxP sites (1) . No other phage or host components are necessary to carry out this recombination between lox sites in vivo (1) or in vitro (2) .
In rare instances the loxP site of P1 will undergo Cre-mediated recombination with a specific site on the bacterial chromosome, loxB (3, 4) . As a result of this recombination, two hybrid lox sites, loxL and loxR, are generated (4) . Sequence analysis of these sites has established the point of crossingover between loxP and loxB (5) . The crossover point in loxP occurs within an 8-base-pair (bp) region separating two perfect 13-bp inverted repeats. Deletion analysis of surrounding P1 sequences necessary for the more efficient loxP x loxP reaction has shown that a sequence of 50 bp containing the 13-bp inverted repeat structure is fully functional for recombination (2) . Deletions that remove either inverted repeat and the 8-bp spacer region are nonfunctional.
A more precise definition of the bases involved in the recombination process can be ascertained by knowing what sequences are in contact with the recombinase. Recently, Cre has been purified to homogeneity (6) , allowing the analysis of the molecular interaction between Cre and loxP using nuclease protection techniques. These experiments have revealed that sequences outside the inverted repeat structure are not in contact with Cre and that each loxP site is composed of two binding domains for Cre.
MATERIALS AND METHODS
Plasmids. The source of DNA containing loxP was a 50-bp fragment of P1 DNA bounded by EcoRI and Xho I restriction sites that was obtained from the plasmid pRH44 (2) . A loxP site in which the right inverted repeat had been deleted was obtained by restriction of pRH44 with Xho I, which cuts just to the right of loxP, followed by limited digestion with T4 DNA polymerase in the absence of deoxynucleotide triphosphates. Ends were made flush by digestion with S1 with purified Cre and then subjected to limited digestion with either DNase I or NCS. The resulting cleavage products were then analyzed by separating them on polyacrylamide/urea gels. Fig. 1 illustrates a nuclease protection experiment using DNase I or NCS to probe the sequences protected by Cre at loxP. Cre protects a region of 36 ± 2 bp from DNase I digestion. (We are uncertain of one base at either end of the protected region because, in control experiments, these bases were not cleaved by DNase in the absence of Cre.) The region of DNA protected against nuclease attack (Fig. 2) is centered over the 13-bp inverted repeats and 8-bp spacer region, sequences which had been previously implicated as being critical for loxP recombination (5). The complementary strand (Fig. 2, lower strand) exhibits a similar pattern of protection against DNase I. The boundary for protection of this strand is at the outer edge of the right inverted repeat. Protection extends through the inverted repeats and 4 or 5 bp beyond the outer boundary of the left inverted repeat.
When the experiments were repeated using NCS in place . , --. . . . . . . . . . . . Fig. 3 shows an example of the experiments with one strand of the lox half-site in which the left inverted repeat is deleted (loxP438) and with one strand of the lox half-site in which the right inverted repeat is deleted (loxP442).
A summnary of the protected sequences of the lox half-sites is given in Fig. 4 . The boundaries at the outer edges of the inverted repeats are no different than those already noted with the complete loxP site. The boundaries within the spacer region are quite interesting. When NCS is used, protection does not extend beyond the 4 bp contiguous to the remaining inverted repeat. Furthermore, the T residue cleaved by NCS in the complete loxP site is also cleaved in the lox site containing the right inverted repeat in the presence of Cre. When DNase I is used, protection of either of the lox half-sites extends almost the entire length of the spacer region on both strands (Fig. 4) . This presents somewhat of a dilemma because it suggests that two Cre molecules binding to the loxP site both protect the entire spacereregion. There are several possible explanations for this observation. First, the DNase I is sterically hindered from cutting by the presence of Cre, even though the uncut sequences may not be in actual contact with Cre. Second, Cre assumes a different conformation when binding to a lox half-site than when binding to a loxP site and, as a consequence, protects additional sequences. Third, the binding of Cre to a lox half-site somehow affects DNA conformation, making surrounding bases *.
refractory to DNase I cleavage, even though they are not directly involved in the binding. The result with NCS is likely to be a truer reflection of the actual binding contacts; therefore, a loxP site is probably composed of two Cre binding domains, each consisting of a 13-bp inverted repeat and the contiguous 4 bp of the spacer region. Because each loxP site consists of two bindings domains, we performed a protection experiment to determine whether Cre binds preferentially to one domain before it binds the other. A fragment containing loxP was incubated with increasing amounts of Cre (from suboptimal amounts to amounts needed to observe nuclease protection), and no preferential protection of one inverted repeat over the other was observed (data not shown). If we assume that the binding of Cre to one domain does not significantly accelerate binding to the adjacent domain, this result would suggest that there is no preferential binding to either domain of loxP. Techniques other than nuclease protection will be required to accurately measure the binding affinity of Cre for these lox sites.
DISCUSSION
The results presented here are a direct demonstration of the interaction of the recombinase Cre with the recombination site at which it acts, loxP. The nuclease protection pattern seen after Cre binding extends over two 13-bp inverted repeats and an 8-bp spacer region separating them. The sequences protected by Cre show an excellent correlation with those sequences known to be required for recombination (ref. 5 and unpublished data). Sequences outside of the inverted repeats do not appear to be in contact with Cre. Our present experiments cannot exclude the possibility of other binding sites for Cre on the P1 genome; however, if such sites exist, they are clearly not an essential part of the loxP recombination system. These results are in striking contrast with two other well-characterized site-specific recombination systems, those of X and Tn3/y8. In these two systems, the respective recombination proteins have multiple binding sites, some of which are located a large distance away from the actual crossover point (X attP binding sites encompass a 240-bp region; Tn3/yS binding sites encompass 120 bp) (11, 12) , and all of these binding sites are required for efficient recombination. Clearly, the Cre-lox recombination system is simpler than those recombination systems of X and Tn3/y8 because both protein-binding domains are located within 34 bp.
It has already been established that the loxP site exhibits directionality. When two sites on the same DNA molecule are in a directly repeated orientation, the DNA between the sites is excised after recombination (2). However, if the sites are inverted with respect to each other, the DNA between them is not excised after recombination but is simply inverted. How then does Cre recognize the directionality of the loxP site? The inverted repeats, by definition, are symmetrical and cannot impose a directionality to the site. Because Cre does not protect sequences outside of the region containing the inverted repeats and spacer, the directionality of the loxP site must be a consequence of the asymmetry of the spacer region.
The data obtained from nuclease protection experiments with the lox half-sites indicate that each loxP site is composed of two binding domains for Cre. Each domain includes an inverted repeat and the contiguous 4 bp of the adjoining spacer region. When NCS is used to probe the Cre-lox complexes, certain portions of the spacer region are apparently not protected by Cre. Of particular note is the T residue (2 bp immediately to the right of the axis of dyad symmetry in the top strand of Fig. 2 ), which is cleaved by NCS in the presence of Cre both in the complete loxP site and the loxP438 site. The T here occurs within a two-base sequence, 5' T-G 3', that is homologous in the spacer regions of loxP and loxB (5) , and the crossover between loxP and loxB takes place within this region. The results presented here suggest that one of the DNA strands in the crossover region is exposed. Perhaps this short region of exposed bases provides a means by which two recombining loxP sites can exchange strands.
We have pointed out the simplicity of the Cre-lox system in comparison with other site-specific recombination systems; however, this system does have a feature in common with the X Int-attP system and the yeast 2-Am circle recombination system. The 13-bp inverted repeat sequence of loxP is homologous with the X att site (13) and the yeast 2-,Am FLP site (14) (Fig. 5) . Furthermore, in the case of X, the homologous sequence comprises one of the core arm junctions that is also recognized by the Int recombinase (15) . The sequence to which the yeast FLP recombinase binds is not known, but the site at which it acts is similar in organization to loxP-i.e., it contains two inverted repeats that are homologous to the ones of loxP and are separated by an 8-bp spacer region. Although the sites and recombinases are probably not interchangeable, the homologies suggest an evolutionary relatedness among these site-specific recombination systems. More detailed analysis of the respective recombinases may help to establish such relatedness.
